The aim was to characterize by atomic force microscopy (AFM) the nanostructure of human dentin surfaces affected by dental fluorosis (DF) before and after phosphoric acid etching. This study included 240 human dentin samples classified according to the severity of DF, which were divided into four groups using the Thylstrup-Fejerskov Index (TFI). Samples were analyzed by AFM before and after acid etching for 15, 30, and 60 s. The roughness (Ra) for healthy dentin, and dentin with mild, moderate, and severe fluorosis were 440 nm, 442 nm, 445 nm, and 449 nm, respectively. After 15, 30, and 60 s of acid etching, all healthy and fluorotic dentin samples increased in roughness (p<0.05). The diameter of dentinal tubule orifices (Dt) in healthy human dentin increased after acid etching for 60 s. We conclude that effective etching times are 15 s for healthy and mild dentin fluorosis, 30-s for moderately fluorosed dentin, and 45-60 s for severe fluorotic dentin.
INTRODUCTION
The chemical composition of human dentin is approximately 70% inorganic Ca10(PO4)6(OH)2, 18% organic matter (mainly Type I collagen fibrils), and 12% water. Its properties and structural composition vary in the different areas of each tooth and between primary and permanent teeth as well 1) . The basic structural units of dentin are dentinal tubules and the intertubular and peritubular matrixes that consist of Type I collagen fibrils reinforced with apatite [2] [3] [4] . On the other hand, in response to the effects of severe fluorosis in the enamel, the dentin shows hypermineralization because of higher levels of Ca and P than exist in healthy dentin 5) . Hypermineralization and the hardness of the dentin correspond to a structural pattern of sclerotic dentin, which is characterized by narrowing of the lumen and compact peritubular and intertubular dentin. These changes in hardness have been also associated with the role of dentin as a possible biomarker for fluoride exposure [6] [7] [8] [9] . To prepare dentin surfaces for adhesive restorations, it is difficult to obtain a clean surface because the smear layer that contains a large quantity of organic and inorganic substances that are produced during dentin cutting. The smear layer in dentin is presumed to be protective, since it lowers dentin permeability; however, it masks the underlying dentin and interferes with attempts to bond it to restorative dental materials. Therefore, this layer must be removed to ensure adequate micromechanical bonding between the tooth structure and the restorative material 10, 11) . It is necessary to expose the collagen network and to expose the dentinal tubules, so that resin can infiltrate into partially demineralized dentin to form an intercalated network between dentin and resin tags 12) . To date, the etching methods required for the bonding technique have targed the removal of the smear layer in dentin, the disordered collagen matrix, the demineralization of the inorganic matrix, and the exposure of the ordered intact collagen network of dentin to create a proper area for the bonding technique 13) . There are two commonly used methods for this purpose, etching followed by rinsing and the self-etching method; etching with 30-40% orthophosphoric acid has been accepted in modern adhesive techniques 13) . It has been reported that acid treatment has a significant influence on dentin demineralization and the effective etching time of the dentin surface appears to be 60 seconds (60 s) 1) ; however, this study was performed on healthy dentin. It is important to determine if this time is also effective for fluorotic dentin because of its characteristics of hypermineralization and greater hardness. Therefore, the aim of this study was to evaluate by atomic force microscopy (AFM), the roughness, absolute depth profile and diameter of dentinal tubule orifices of healthy and fluorotic dentin, before and after the use of a total acid etching system using 37% phosphoric acid for variable times. The results can enhance the selection of optimal etching time times in the clinic and to analyze the interaction between fluorotic dentin and restorative materials on the nanoscale.
MATERIALS AND METHODS

Subjects and sample preparation
Patients undergoing extraction of third molars at hospital and private clinics were asked to donate their Nanostructure evaluation of healthy and fluorotic dentin by atomic force microscopy before and after phosphoric acid etching 14) . The TFI is the only index that attempts to correlate the clinical appearance of fluorosis with the pathologic changes in human enamel and is normally the index of choice for the evaluation of fluorosis severity 9) . It uses a 10-point scale, where 0 represents the non-affected tooth and 9 the most severely affected tooth. Individuals with fluorosis can be classified in these categories as follows: -5] , and Severe (SE) [TFI=6-9]. The study was blinded for the clinical diagnosis of dental fluorosis, and AFM evaluation was carried out by a second observer.
The selected molars were divided into four groups of 20 samples each: the C group, the MI group, the MO group, and the SE group. All molars were stored in phosphate buffered saline containing 0.002% sodium azide at 4°C until experimental procedures were performed. The occlusal enamel and tooth root were removed to expose the flat dentin surface, which was longitudinally sectioned in a buccal-lingual direction into two halves with a high-speed diamond bur (MRMC254-Brasseler, Savannah, Georgia, USA) under water spray. The dentin discs were then mounted in acrylic blocks and ground flat using 600-grit SiC paper with under flowing water coolant to produce a uniform dentin smear layer. Dentin samples for each study group (n=20 per group) were divided randomly into three subgroups for three etching times (15, 30 , and 60-s). In this study, a commercial etchant (Ultra-Etch-Ultradent, South Jordan, UT, USA, an 35% aqueous phosphoric acid solution) was used for the etching technique.
Atomic force microscopy
Triplicate samples were evaluated before and after phosphoric acid application at the same scan size (49.5×49.5 µm 2 ) all of these sites were selected at random and the mean value was obtained for each sample. The etching times were 0, 15, 30, and 60 s, respectively. The etched surfaces were rinsed for 20 s and dried with air. The evaluations of intertubular dentin roughness, and diameter of dentinal tubule orifice were carried out using AFM (Nanosurf Easy Scan 2, SPM Electronics, Liestal, Switzerland) in contact mode 1) with a silicon nitride (SiN) probe with a tip height of 14 µm, a tip radius <10 nm, and a scanning rate of 49.5 µm/s. The values used for the short cantilever contact mode were as follows: spring constant, 0.1 N/m; resonant frequency, 28 kHz; length, 225 µm; mean width, 28 µm; thickness, 1 µm; tip height, 14 µm; and radius, <10 nm. The Nanosurf Easy Scan 2 software (version 1.6.) was used to measure the AFM parameters. The feedback gains with a set point of 20 nN were as follows: P-Gain: 10000, I-Gain: 1000 and D-Gain: 0. A calibration grid of silicon oxide on a silicon substrate (Nanosurf AG, CH-4410, SPM Electronics, Liestal, Switzerland) with a XY periodicity of 10 µm and a Z height of 119 nm was used to calibrate the instrument for each evaluation. The dentin surface roughness (DSR) was quantified using Ra and Dt parameters. Ra (roughness average) represents the arithmetical mean of the absolute values of the scanned surface profile. Dt represents the diameter of dentinal tubule orifice. Dt was measured by Nanosurf Easy Scan 2 software. Six dentinal tubules orifices were located for each sample, each diameter was measured in µm, and the results are expressed by a mean and standard deviation for each experimental group.
Statistical analysis
All data are expressed by a mean±standard deviation. The Shapiro-Wilks and Brown-Forsythe methods were used to test the distribution of variables. To compare the differences in surface roughness before and after etching, the Student's t-test was used and to compare the differences in the diameter of the dentinal tubules after etching, a two-way ANOVA test was used. The JMP program, version 9.0 (SAS Institute, Cary, NC, USA) and Stata version 11.0 (StataCorp LP, College Station, TX, USA) were used for statistical analysis. Statistical significance was set at =0.05. Figure 1 shows three-dimensional representative AFM images of healthy dentin before (a) and after being treated with phosphoric acid to 37% for 15 s (b), 30 s (c), and 60 s (d). Clearly visible in the figure are dentin surfaces covered with a smear layer and open dentin tubules that were closed by smear plugs (black arrows). The effects were unlike the healthy dentin samples that revealed, after etching for different times, a greater number of dentinal tubules. Larger tubules were observed when samples were etched for 60 s compared with etching times of 30 and 15 s as can be observed in Table 2 . Figure 2 shows representative, three-dimensional AFM images of MI fluorotic dentin, before (a) and after being treated with phosphoric acid to 37 % for 15 s (b), 30 s (c), and 60 s (d). There was an abundant smear layer in MI fluorosis dentin in the basal measure before acid etching. After phosphoric acid etching, the smear layer was removed leaving exposed dentinal tubules, that were larger in diameter when dentin was etched for 15 s (b) compared with dentin that was etched for 30 s (c) and 60 s (d), respectively. Also, there was a more disorganized surface structure on the image to the MI fluorosis dentin after acid etching for 60 s. Figure 3 shows representative AFM images of MO fluorotic dentin, before (a) and after being treated with phosphoric acid to 37% for 15 s (b), 30 s (c), and 60 s (d).
RESULTS
There was a considerable amount of smear layer in (a) and few visible dentinal tubules (black arrows), during etching, the smear layer is removed to expose dentinal tubules for restorative purposes. The tubules are larger in diameter in dentin that was etched for 30 s compared with dentin that was etched for 15 s (b) and 60 s (d), respectively. Figure 4 shows AFM representative images of SE fluorotic dentin before acid etching. In this figure it is not possible to identify dentinal tubules because of smear layer on the dentin surface (a). After acid etching at different times, the smear layer was removed and dentinal tubules were observed clearly (b, c), but the tubules were larger in diameter in dentin that was etched for 60 s compared with the tubule diameter for the other acid etching times.
To quantify the morphological changes of the dentin surface after undergoing for different etching times, two Fig. 1 AFM images (color map) of healthy dentin: (a) dentin surface polished by 600-grit SiC paper, illustrating a smear layer and smear plugs in the dentin tubules (black arrows), (b) dentin surface after exposure to 37% phosphoric acid for 15 s, (c) dentin surface after exposure to 37% phosphoric acid for 30 s, and (d) dentin surface after exposure to 37% phosphoric acid for 60 s.
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parameters, the surface roughness (Ra) and the diameter of dentinal tubule orifice (Dt) were measured. Table 1 shows the roughness of tested groups before and after different etching times. We can observed that Ra increased after etching in accordance with the different times used, but there was a statistically significant difference only for the results after 60 s etch of healthy and mild fluorosis groups and in 15 s etch of the severe fluorosis group compared with the control group. Table 2 shows that the diameter of the dentinal tubule orifice (Dt) in the healthy group increased with etching time and the tubules were larger in diameter for the 60 s etch, but there was no statistically significant difference (p>0.05) between means. However, in the MI group a larger Dt was found in the 15 s treatment group, but there were no statistically significant differences (p>0.05) between groups; in the MO group a larger mean Dt was found for the 30 s group and there was a statistically significant difference (p<0.05) between 30 and 60 s. In the SE fluorosis group the higher Dt was found for the Results show mean±SD expressed in nanometers. An asterisk (*) indicates a statistically significant difference (p<0.05) among groups by using the Student's t-test. Table 1 Mean roughness (Ra) of fluorosis groups after different etching times Table 2 Mean diameter of dentinal tubule orifice (Dt) of fluorosis groups after different etching times 60 s group, and there was a statistically significant difference (p<0.05) among groups means.
DISCUSSION
Dentin tubules traverse the entire thickness of dentin. They contain relatively less inorganic material, but a higher collagen concentration (about 90%) in the intertubular dentin, which consists of 97% of Type I collagen. Peritubular dentin grows from the inner surface of the dentinal tubule cavity and forms a clear and highly mineralized layer that is structurally denser than the intertubular dentin, and it contains essentially no collagen 1) . On the other hand, in response to the effects of severe enamel fluorosis, dentin shows hypermineralization, as found in other enamel disorders. Levels of Ca and P are also significantly higher than in healthy dentin 5) . Dentin hypermineralization and hardness correspond to a structural pattern of sclerotic dentin, characterized by narrowing of the lumen, and compaction of peritubular and intertubular dentin. This change in hardness has been also associated with the role of dentin as a possible biomarker for fluoride exposure [6] [7] [8] [9] . Theoretically, clean dentin surfaces consist of intertubular dentin, peritubular dentin, collagen fibrils, and dentinal tubules. However, in clinical applications, such surfaces are impossible to obtain, because any mechanical cutting and polishing processes produces a smear layer that contains a large quantity of inorganic and organic materials. In the restorative dental process, bonding to such surfaces leads to a low strength in the initial layer of restorative materials. Therefore, to ensure the best bonding results, it is very important to treat the dentin surface properly with phosphoric acid. The main benefits of the dentin surface treatment are: (1) removal of the contaminated and loose layer, (2) increased surface energy, (3) increased surface area, and (4) improved properties of the dentin surface 15) . Etching is an effective way to obtain a proper bonding surface and to clean the surface by removing the smear layer, which in turn increase the wettability of bonding agents. Roughening of the dentin surface increases the bonding surface area and improves the stress distribution in the bonded interface, allowing mechanical interlocking between dentin and the bonding adhesive. In 1979, Fusayama first brought forward the total-etching technique, which requires removing the smear layer completely and uncovering the normal collagen fibrils network, in order to obtain adequate retention, an excellent marginal seal, and to prevent or minimize microleakage. For healthy enamel and dentin, SEM studies suggest the use of 37% phosphoric acid for 15 s to provide proper bonding for clinically successful restorations [16] [17] [18] [19] . Currently, acid etching of teeth affected by dental fluorosis is still controversial and some studies suggest that the acid-etching time for fluorotic enamel must be greater than that for healthy dentin on the basis that fluorosed enamel is hypermineralized 20) . Based on results of the dentin roughness before acid etching (baseline), some researchers might conclude that the roughness is directly proportional to the severity of fluorosis; however, our results for severe fluorosis indicate that the roughness is comparable to that for healthy dentin. Thus, we cannot support the idea that fluorotic dentin presents the same pattern of hypomineralization than fluorotic enamel. In the topographic behavior on healthy and fluorotic dentin, before and after the acid etching with 37% phosphoric acid at different times, it was observed that healthy dentin increased in roughness but the difference was not statistically significant (p<0.05) in roughness after etching for 15 s, 30 s and 60 s compared with the baseline measures.
Surrounding the open end of the dentinal tubule is the peritubular dentin, whose main composition is inorganic materials, i.e. a very high concentration of hydroxyapatite. It is more highly calcified than in the other parts of dentin and it contains few collagen fibrils. It structurally forms the wall of the dentinal tubule and peritubular dentin gradually disappears with phosphoric acid etching because of its demineralization. The dentin tubule diameter increases during decalcification as a function of etching time. In this study a higher tubule diameter was observed when healthy dentin was etched for 60 s and this finding confirms the results of a prior report 1) , which demonstrated that the roughness and tubule diameter obtained after at 60 s of etching may be the best condition for mechanical interlocking. However, the present study suggest that etching of healthy dentin for a long time (60 s) produces a disorganized surface, possibly not optimal for adhesive dentistry ( Fig. 1-d) . It should be noted that, for the three etching times, the scattered particles of the smear layer are completely removed, exposing the dentinal tubules.
In the dentin with mild fluorosis, it was observed that roughness increased after etching for all etching times; however, only after a 60 s etching time was the difference in mean roughness statistically significant (p<0.05). However, the surface was highly disorganized in a manner similar to that of the healthy dentin etched for the same time. On the other hand, the greater diameter of the dentin tubules that were observed after etching for 15 s were similar to the diameters of the dentin tubules in healthy dentin etched for 60 s. However, this difference was not statistically significant (p>0.05) when compared with the mean diameters for other etching times (p>0.05). Our study also reveal a total removal of the smear layer for the three etching times, but the 60 s treatment resulted in a very disorganized dentin surface (Fig. 2-d) . For the dentin with moderate fluorosis, we observed an increased in roughness after etching for all etching times, but these differences were not statistically significant (p>0.05); however, a greater roughness that was observed after a 60 s etching time.
On the other hand, after a 30 s etching time the particles of the smear layer were removed entirely (Fig. 3-c) and the dentin diameter was similar to that seen in dentin affected with mild fluorosis after a 15 s etching time. When the etching time increased to 60 s, the diameter of dentinal tubule orifice decreased and a much more disorganized dentin surface could be observed (Fig 3-d) .
Finally, dentin with severe fluorosis showed a statistically significant decrease in roughness after etching for all etching times; however, the greatest roughness was observed for the 60 s etching time. Similarly, after 60 s of acid etching, the diameter of the dentinal tubules was significantly larger than the diameter that was shown at other times (p<0.05). In addition, at this etching time the particles of the smear layer were removed entirely (Fig 4-d) .
In conclusion, AFM allows us to examine at nanoscale resolution the effects of the etching on dentin surfaces before and after etching with a 37% aqueous phosphoric acid solution. The conventional etching time of 15 s is insufficient for restorative cases in which dental fluorosis is involved. Instead, longer etching times are needed to remove the smear layer from fluorotic dentin. Based on our study, we conclude that for optimal bonding effectiveness minimum etching times should be 15 s for healthy and mild dentin fluorosis, 30 s for moderately fluorosed dentin, and 45-60 s for severe fluorotic dentin. Dentin exhibited a hypermineralization pattern that varied with the severity of fluorosis and longer acid-etching times are required in these cases. Further studies of in vitro like bond strength and clinical bonding effectiveness should be performed to determine if these acid-etching times will ensure highly durable bonded restorations.
